Background: Whole genome sequencing has revolutionised the interrogation of mycobacterial genomes. Recent studies have reported conflicting findings on the genomic stability of Mycobacterium tuberculosis during the evolution of drug resistance. In an age where whole genome sequencing is increasingly relied upon for defining the structure of bacterial genomes, it is important to investigate the reliability of next generation sequencing to identify clonal variants present in a minor percentage of the population. This study aimed to define a reliable cut-off for identification of low frequency sequence variants and to subsequently investigate genetic heterogeneity and the evolution of drug resistance in M. tuberculosis. Methods: Genomic DNA was isolated from single colonies from 14 rifampicin mono-resistant M. tuberculosis isolates, as well as the primary cultures and follow up MDR cultures from two of these patients. The whole genomes of the M. tuberculosis isolates were sequenced using either the Illumina MiSeq or Illumina HiSeq platforms. Sequences were analysed with an in-house pipeline. Results: Using next-generation sequencing in combination with Sanger sequencing and statistical analysis we defined a read frequency cut-off of 30 % to identify low frequency M. tuberculosis variants with high confidence. Using this cut-off we demonstrated a high rate of genetic diversity between single colonies isolated from one population, showing that by using the current sequencing technology, single colonies are not a true reflection of the genetic diversity within a whole population and vice versa. We further showed that numerous heterogeneous variants emerge and then disappear during the evolution of isoniazid resistance within individual patients. Our findings allowed us to formulate a model for the selective bottleneck which occurs during the course of infection, acting as a genomic purification event. Conclusions: Our study demonstrated true levels of genetic diversity within an M. tuberculosis population and showed that genetic diversity may be re-defined when a selective pressure, such as drug exposure, is imposed on M. tuberculosis populations during the course of infection. This suggests that the genome of M. tuberculosis is more dynamic than previously thought, suggesting preparedness to respond to a changing environment.
Background
Whole genome sequencing (WGS) has revolutionised the detailed interrogation of mycobacterial genomes at base-pair resolution. Application of this technology has provided novel insights into the evolution of members of the Mycobacterium tuberculosis complex [1] [2] [3] . More recently, WGS has been applied to investigate the evolution of drug resistance based on the hypothesis that additional mutational events may precede or occur concurrently with known resistance conferring mutations [4] [5] [6] [7] [8] . A number of recent studies have assessed the genomic stability of M. tuberculosis during the evolution of drug resistance (Reviewed by Trauner et al., 2014) [4] , producing diametrically opposed results. Some studies have demonstrated genomic stability [6, 7, 9, 10] , while more recent reports have shown genomic instability with the emergence of additional genetic variants independent of those observed in drug target genes conferring resistance [5, [11] [12] [13] [14] . Various studies have demonstrated the acquisition of known resistance conferring mutations in the M. tuberculosis genome during the course of infection and subsequent drug treatment. This highlights the potential of M. tuberculosis to diversify and adapt under selective pressure [11, 13, 15] . In other work, WGS analysis of serially collected sputum samples of Tuberculosis (TB) patients provided overwhelming evidence of the presence of drug resistant sub-populations [5] . This study emphasised the need to investigate the implications of inter-and intra-host M. tuberculosis genetic diversity for transmission and disease outcomes [5] . The presence of drug resistant sub-populations is a major concern when considering the variable sensitivity of standard genetic and microbiological tests for the diagnosis of drug resistance M. tuberculosis [16] .
It is important to note that the identification of subpopulations within the context of WGS is dependent on the read frequency cut-off values used in the standard variant filtering approach. Typically, these frequency cut-off values are set at >70 %, implying that only variants fixed within a population are identified i.e. variants present at only >70 % of the sequencing reads are analysed [6, 8] . Failure to adjust these algorithms to accommodate for the presence of low-frequency sub-populations has led authors to conclude that the population structure of M. tuberculosis is homogeneous [6, 8, 17, 18] . By using an alternative variant calling approach (a minimum read depth of 50 and a minimum variant frequency of 4 %) a recent study demonstrated the rapid expansion and collapse of different sub-populations that evolved in parallel during the evolution of extensively drug resistant (XDR-TB) [14] . However, while WGS is increasingly being used to investigate drug resistance and evolution in M. tuberculosis, there is still uncertainty surrounding the error rate of sequencing, read alignment and the detection of variants. In an age where WGS is increasingly relied on for defining the structure of bacterial genomes, it is important to investigate the reliability of next-generation sequencing reads where a variant is only present in a minor percentage of the sequencing reads. This therefore questions the threshold at which underlying populations, as indicated by the percentage of sequencing reads supporting a variant allele, can be confirmed as true variants as opposed to sequencing errors.
This study aimed to define a reliable cut-off for identification of heterogeneous variants from WGS data. Subsequently this cut-off was used to investigate: 1) heterogeneity in single colonies isolated from 13 rifampicin mono-resistant M. tuberculosis clinical isolates, and 2) the evolution of isoniazid resistance in rifampicin mono-resistant isolates in 2 patients.
Results
Strains were initially selected on the basis of clinical diagnostic records, then subjected to further analysis to confirm their resistance profiles and strain genotypes. Phenotypic drug resistance testing of the parental isolates (n = 13) and their associated single colonies (n = 36) confirmed the rifampicin mono-resistant profile in all cases. As expected, all isolates carried a mutation in the rpoB gene; genotyping of parental isolates identified one of the following mutations in the rpoB gene: Ser531Leu, His526Tyr or Leu533Pro (Table 1) . These mutations were retained in the corresponding single colonies after selection on agar plates containing rifampicin. IS6110 genotyping and spoligotyping revealed that the rifampicin mono-resistant isolates originated from different genetic backgrounds (LCC, Haarlem, Beijing and EAI), representing the broad strain diversity circulating in the Western Cape, South Africa. Genotyping by IS6110 (Fig. 1) . Using the conventional cut-off value of 70 % there would be a true positive rate of 17.9 % and a false positive rate of 0 %. Accordingly, we defined a cut off for the description of true heterogeneity at a defined nucleotide position as ≥30 % i.e. if a variant identified in at least 30 % of the Illumina sequencing reads (after filtering and GenomeView analysis), it is likely that the variant is truly present within the genome of a sub-population of bacilli. Using this analysis we also defined a variant with a read frequency of greater than 70 % to be fixed within a population.
Identifying genomic heterogeneity in individual colonies from rifampicin mono-resistant isolates
We next applied the ≥30 % variant frequency cut-off value to assess genomic heterogeneity within and between individual colonies. Using this cut-off value this analysis 36 of single colonies revealed the presence of a total of 114 possible sequence variants between corresponding single colonies using M. tuberculosis H37Rv as the alignment standard. From the 114 possible variants, 42 were found to have a read frequency of greater than 70 %, while 72 were Table S2) were scored as true variants while sequences which remained wild-type were scored as false Table S2) found to have a read frequency of between 30 and 70 % ( Table 3 , (Additional file 1)). The number of variants identified was independent of the strain background, and ranged from 0 to 19 in different clinical isolates. Importantly, genomic heterogeneity was observed both within single colonies (where a variant is only present in a proportion of the reads) and between single colonies isolated from one parent.
Comparing single colonies and the entire population isolated from sputum WGS data was available for four of the parental M. tuberculosis isolates used to make the single colonies. Therefore, to determine whether the single colonies reflected the genetic heterogeneity of the parent isolate, we compared the WGS of the single colonies from four rifampicin mono-resistant M. tuberculosis clinical isolates to the sequences of their corresponding parent population (R721, R912, R965 and R486). As shown in Fig. 2 this comparison identified 6, 4, 4 and 2 variants that were unique to the single colonies relative to the parental genomes for R721, R965, R486 and R912, respectively. These variants were shared between all of the single colonies cultured from their corresponding parental isolates. In addition, the individual single colonies also harboured unique variants that were absent in the corresponding parental isolates as well as absent in the other related single colonies. Conversely, the parental isolates also each harboured unique variants that were absent in all corresponding single colonies (Fig. 2 ). Together these results suggest that all of the genomic variants identified as unique to the single colonies were masked by the dominant population present in the parent isolates.
Intra-patient evolution of drug resistance
Having established the utility of our analytical approach in identifying inter-and intra-isolate variation, we next went on to analyse genome heterogeneity during the evolution of drug resistance. Here, we analysed MDR isolates (R807 and R1210) collected approximately 7 and 11 months after the rifampicin mono-resistant isolates R721 and R912, respectively (Table 4) . We investigated the heterogeneity of SNPs across the genome of the rifampicin mono-resistant and MDR entire populations relative to the M. tuberculosis H37Rv reference genome. We subsequently compared this list of SNPs between the rifampicin mono-resistant and MDR isolates to identify variants unique to each isolate as well as the evolutionary events associated with the emergence of drug (isoniazid) resistance (Table 5) . For patient 1 numerous heterogeneous variants were identified in the rifampicin mono-resistant isolate, R721, while there were no heterogeneous variants observed in the follow-up MDR isolate, R807 (Fig. 3a, Table 4 ). Since the primary difference between these two isolates is the presence of a katG mutation (Table 5) , these results suggest that the heterogeneous variants present in R721 were 'lost' during the acquisition of isoniazid resistance. Patient 2 shows contrasting results: the rifampicin mono-resistant isolate, R912, was shown to have no heterogeneous variants while its follow-up MDR isolate, R1210, harboured 5 (Fig. 3b) . The variants shown to be unique to R912 were all present at a Total variation   R160  5  2  3  4  3  1  ---9   R376  3  1  2  8  2  6  6  1  5  17   R458  3  3  0  5  2  3  3  0  3  11   R486  0  0  0  2  0  2  ---2   R631  5  0  5  6  0  6  8  0  8 variant frequency of greater than 70 %. Interestingly, two variants shown to be fixed within the rifampicin mono-resistant population, with a variant frequency of 100 %, were found to be present at a lower frequency within the MDR population (Fig. 3b) . This finding indicates that two fixed variants in R912 may have been lost in R1210. These results revealed the acquisition and loss of numerous heterogeneous variants (Table 5) , suggesting continuous genome evolution despite the evolutionary bottle neck imposed by the isoniazid selective pressure.
Finally, we compared the WGS data of MDR isolates to the single colonies generated from the rifampicin mono-resistant parental isolates. This comparison failed to identify any of the single colony specific genomic variants in the MDR isolate.
Discussion
Our study aimed to use WGS in combination with Sanger sequencing and statistical analyses to define a reliable cutoff for heterogeneous variant detection. Our data enabled Fig. 2 Genetic diversity between parental populations and their corresponding single colonies. a The R721 parental population had 8 unique variants relative to all three colonies. While all three colonies shared 6 variants which were unique to the colonies relative to the parental population, each colony also harboured unique variants relative to the other colonies. Similarly, for (b) the R912 parental population had 8 unique variants relative to all three colonies. While all three colonies only shared 2 variants, each colony also harboured unique variants relative to the other colonies. (c) For R965, the parental population had 1 unique variant relative to both colonies, while the colonies shared 4 variants which were unique relative to the parental population. Similarly, the two colonies for R486 (d) shared 4 variants which were unique relative to the parental population. The R486 parental population had 1 unique variant relative to the other colonies At a variant frequency of 30 % there is a true positive of 79.5 % and a false positive rate of 14.3 %. We acknowledge that there is still a chance that true variants at a frequency lower than 30 % may be missed due to the limited resolution of Sanger sequencing. For the purpose of our analyses we regard it of greater importance to exclude false positives from our analyses than to omit a small amount of true positives. However, we do not exclude the probability that this cut-off value may change with increased sequence read depth. Higher depth of coverage would however not limit the detection of false positive variants as the 7 false positive variants identified in this study were not associated with lower mean genome coverage. Furthermore, by defining a cut-off it allowed us to use a relaxed variant filtering approach to investigate the presence of sub-populations in M. tuberculosis clinical isolates. Using our cut-off of 30 % variant frequency we investigated the genomic heterogeneity within and between individual single colonies isolated from rifampicin mono-resistant M. tuberculosis clinical isolates. To our knowledge this is the first study that has investigated M. tuberculosis genomic diversity within single colonies from a clinical sample at a single time point. We observed a high rate of genetic diversity between single colonies isolated from the same parental isolate. We acknowledge that the analysis of only two to three single colonies for each patient isolate would have limited the anlaysis of the true heterogeneity in the total population. We also acknowledge that the selection of these single colonies on media containing rifampicin would have resulted in the loss of variants representing rifampicin susceptible colonies. This high rate of genetic diversity seen in our study is in concordance with previous studies that used relaxed filtering with regards to variant frequency [5, 12, 14] . Sun et al. showed that there can be as many as 41 (ranging between 6 and 41) variants between serial sputum samples, with 82.7 % of all the variants at frequencies lower than 20 % (based on statistical evaluation as opposed to validation by Sanger sequencing) [5] . A study by Bryant et al. showed seemingly contrasting results using the same filtering approach to investigate relapse and reinfection cases [10] . Using a minimum read depth of 4 and read frequency higher than 5 %, little genetic diversity was observed in the relapse cases. However any heterogeneous positions identified were discarded as mapping errors and no validation by Sanger sequencing was done. This may have led to an underestimation of the number of variants, a possibility highlighted by our findings that heterogeneous variants occurring between 30 and 70 % frequency are likely to be truly present within a population.
Our findings which showed the extent of diversity between parental isolates and their respective single colonies are in agreement with a recent study where in vitro generated mutants were compared to their drug susceptible progenitor [19] . Numerous variants only present in a proportion of the Illumina reads were identified to be unique to the parental genome. Similar to our findings the authors showed that in some daughter cells the mutant allele was lost while in others it was retained [19] . This suggests that single colonies may not be a true reflection of the genomic diversity of a clinical M. tuberculosis isolate. In contrast, WGS of an entire population may underestimate the extent of genetic diversity present in a clinical isolate given the complexity of the M. tuberculosis population structure. However, improved read depths may allow for identification of underlying populations which were undetectable in this study. The high degree of genetic diversity seen in this study is similar to that reported elsewhere [5, 12, 14] and is unlikely to have arisen as a consequence of laboratory adaptations. The number of culturing steps was kept to a minimum and previous WGS data from in vitro generated mutants in our laboratory showed very little genetic diversity (data not shown). This is supported by WGS of six M. tuberculosis H37Rv strains from multiple laboratories that showed little change after years of repeated sub-culturing, suggesting genomic stability during in vitro culture [20] .
Our results show that single colonies may not be a true reflection of the genetic diversity present within a clinical isolate and vice versa. This finding may have important implications for genomic epidemiology since a recent study by Didelot et al. (2014) demonstrated the use of WGS to infer person to person transmission. Underlying Fig. 3 Heterogeneous positions identified across the whole population genomes relative to M. tuberculosis H37Rv reference genome. aThe rifampicin mono-resistant isolate (R721) for patient 1 shows numerous heterogeneous variants relative to M. tuberculosis H37Rv while the follow-up MDR isolate (R807) has none. (b) For patient 2 the rifampicin mono-resist isolate (R912) showed no heterogeneous variants relative to M. tuberculosis H37Rv, while the follow-up MDR isolate (R1210) had numerous heterogeneous variants. R912 shared 2 variants (Rv0667 and Rv0672) with R1210, where the variant was present at 100 % in R912 but was a heterogeneous variant in R1210
populations masked by dominant variants may not truly be represented in the above method and may therefore be overlooked when interpreting person to person transmission [21] . Therefore, this study highlights the importance of the methods of storage used for M. tuberculosis isolates. The diversity seen i) within a clinical isolate and ii) between single colonies isolated from a single M. tuberculosis clinical isolate needs to be taken into consideration. Storage of samples should therefore be carefully considered based on the research questions which may be asked in future studies. Numerous studies have stated that single colonies were isolated from LJ slants for storage and further use [9, [22] [23] [24] [25] , while other studies use clinical isolates as a whole representative population [5, 8, 10, 11, 13, 14] . These different approaches may impact results obtained and conclusions drawn.
Having shown genetic diversity between parental populations and their single colonies, as well as diversity between single colonies isolated from the same progenitor, we next investigated the evolution of isoniazid resistance in M. tuberculosis clinical isolates within two patients. Initial investigation into genetic heterogeneity in both rifampicin mono-resistant and MDR isolates relative to M. tuberculosis H37Rv revealed that there were numerous heterogeneous variants present within the genome. For patient 1, the rifampicin mono-resistant isolate harboured numerous heterogeneous variants, all of which were unique to this isolate when compared to its paired MDR isolate. During the acquisition of the katG isoniazid resistance causing mutation all of these heterogeneous variants were lost from the population. This finding suggested that the isoniazid selective pressure imposed an evolutionary bottleneck, resulting in a purification effect and the loss of heterogeneous variants. Contrasting results were observed for patient 2, as the 7 apparently fixed SNPs were lost during the acquisition of the inhA promoter isoniazid resistance causing mutation. Once again, this finding suggests that isoniazid selective pressure imposed an evolutionary bottleneck. The paired MDR isolate, R1210, showed a total of 8 heterogeneous variants to be unique to this isolate when compared to R912, two of which were fixed within the population of R912. This suggests that these two variants were reverting to wild type, while other variants were emerging within the population. These findings highlight the continuous genome evolution occurring after an evolutionary bottleneck is imposed on a population. The M. tuberculosis isolates from each patient represent two different strain lineages, namely Beijing and EAI, suggesting that genetic diversity observed during the evolution of isoniazid resistance is not limited to one lineage. The MDR isolates were collected approximately 7 and 11 months after the initial rifampicin mono-resistant samples were collected from patients' 1 and 2, respectively. Unfortunately, clinical information such as treatment regimens and treatment adherence was not available to us at the time of the study, limiting our ability to draw conclusions regarding mutation rates and selective pressure.
The loss of an rpoC polymorphism from the rifampicin mono-resistant isolate from patient 1 (R721) further highlights the importance of selective pressure on defining the genetic population of M. tuberculosis. A proportion of 30 % of the R721 population (based on read frequency) contained an rpoC mutation while there was no rpoC mutation present in the follow-up MDR isolate (R807). While variants in the rpoC gene have been speculated to be putative compensatory mutations [26] , this mutation may not be important for survival since the selective purification for isoniazid resistance causing mutations resulted in the loss of this putative compensatory mutation. No additional compensatory mutations were identified in the WGS data for the isolates used in this study.
Complementary to our findings are the results observed in a recent study by Eldholm et al. where it was shown that the amount of variation between serial isolates from a single patient may be higher than that observed between two patients in a transmission chain [14] . In addition they observed numerous SNPs within the mycobacterial population which occurred concurrently with drug resistance causing mutations, which were termed 'hitchhiking SNPs'. Excluding these 'hitchhiking SNPs' from their analyses, the amount of variation between sequential samples decreased, suggesting that the selective pressure of drug exposure resulted in a purifying effect. Based on these observations the authors concluded that the presence of populations with high genetic diversity (variation) facilitated the emergence of drug resistance, and that selective pressure may be a driving force in longitudinal genetic diversity [14] . Similarly, a recent study by Bergval et al. hypothesised that a selection event may result in the fixation of either a wildtype or mutant allele which was originally present in only a sub-population of M. tuberculosis isolates [19] .
Based on our findings and others' work, we propose a model to explain the effect of a selection bottleneck and random mutations on the population structure of M. tuberculosis clinical isolates (Fig. 4) . We hypothesise that during the course of infection numerous genetic mutations arise within a mycobacterial population and in response to a selective pressure such as antibiotic exposure, clones with pre-existing drug resistant mutations are selected. Cells within the population harbouring drug resistant causing mutations survive while drug sensitive cells die. During this process numerous genetic mutations are lost from the population while mutations which occur concurrently with drug resistance causing mutations (or 'hitchhiking SNPs') remain [14] . The presence of a selective pressure therefore creates a selection bottleneck, altering the level of genetic diversity within the mycobacterial population. Subsequent growth and the emergence of new SNPs allow for an increase in genetic diversity once again (Fig. 4) . This subsequent increase in genetic diversity post selective pressure is substantiated by our findings that a rifampicin monoresistant isolate and its paired MDR isolate each have numerous unique genetic differences i.e. polymorphisms are lost from the original rifampicin mono-resistant population, while different polymorphisms emerge in the MDR isolate.
Conclusions
This study investigated two key aspects involved in the use of next-generation WGS. Firstly, we investigated the confidence in the validity of variants called during bioinformatics analysis. Secondly, we investigated the difference in outputs when utilising a relaxed variant filtering approach compared to the standard filtering approach.
To our knowledge this is the first study that has investigated M. tuberculosis genomic diversity using single colonies isolated from clinical isolates. The surprisingly high rate of genetic diversity seen in our study is in concordance with previous studies that used a relaxed variant filtering approaches [5, 12, 14] . During the evolution of drug resistance we observed the emergence and disappearance of numerous variants within a population. Our findings allowed us to formulate a model for the selective bottleneck which occurs during the course of infection, acting as a genomic purification event. Subsequent post-bottleneck mycobacterial growth allows for new genetic diversification to occur. This proposed increase in diversity suggests that the genome is preparing to respond to a changing environment.
Methods

Strain selection and culture
This study was approved by the Health Research Ethics Committee of Stellenbosch University with the waiver of consent to retrospectively collect routine clinical isolates of M. tuberculosis and limited demographic and diagnostic data. To ensure patient confidentiality all patient identifiers were removed. Primary rifampicin mono-resistant clinical M. tuberculosis isolates were available from 13 patients that were selected from an extensive longitudinal collection of drug resistant M. tuberculosis isolates collected in the Western Cape, South Africa. Two of these patients had follow up isolates which were shown to be multi-drug resistant (MDR) by routine drug susceptibility testing (DST). Each of the 15 isolates were subjected to isoniazid and rifampicin DST [27] , and Sanger sequencing of the inhA promoter and katG and rpoB genes (Additional file 2) to confirm the resistance phenotype. In addition, each isolate was further genotyped by spoligotyping and IS6110 DNA fingerprinting using internationally standardized techniques [28, 29] . BACTEC™ Mycobacterial Growth Indicator tubes (MGIT™ 960) supplemented with Oleic acid-AlbuminDextrose-Catalase (OADC) were inoculated with each isolate and incubated in the BACTEC™ MGIT™ 960 instrument at 37°C. Following an indication of growth positivity i.e. when a growth unit of 400 was reached, each MGIT was incubated at 37°C for an additional 5 days to allow for optimal mycobacterial growth. A volume of 500 μl of positive culture was then used to inoculate a starter culture of 10 ml of 7H9 Middlebrook medium (Becton, Dickinson Microbiology system, Sparks, USA), supplemented with 10 % albumin-dextrose-catalase (ADC), 0.2 % (v/v) glycerol (Merck Laboratories, Saarchem, Gauteng, SA) and 0.1 % Tween80 (Becton, Microbiology systems, Sparks, USA). Subsequently, the starter cultures were grown in filtered screw cap tissue culture flasks (Greiner Bio-one, Maybach Street, Germany) without shaking at 37°C until an optical density (OD 600 ) of 0.6-0.8 was reached. Contamination was assessed by Ziehl-Neelsen (ZN) staining and the plating of cultures onto blood agar plates. A 100 μl aliquot of each starter culture for the rifampicin monoresistant (n = 13) and paired MDR M. tuberculosis isolates (n = 2) was plated on 7H10 solid media supplemented with OADC for DNA extraction. Serial dilutions were prepared and plated on 7H10 solid media supplemented with OADC and 2 μg/ml rifampicin for selection of single colonies.
Selection of single colonies
Single colonies were randomly selected from solid media (7H10 Middlebrook media supplemented with OADC) containing 2 μg/ml into Middlebrook 7H9 media supplemented with ADC and 0.1 % Tween80, and statically cultured to an OD 600 of above 0.8. Each single colony culture was then sub-cultured on solid media (7H10 Middlebrook media supplemented with OADC) for DNA extraction. Unnecessary sub-culturing steps were avoided to minimize the appearance of in vitro adaptive mutations.
DNA extraction and whole genome sequencing
Genomic DNA was isolated from single colonies for each rifampicin mono-resistant M. tuberculosis isolate according to standard protocols [30] . In addition, DNA was isolated from the primary cultures of the paired M. tuberculosis isolates demonstrating intra-patient evolution of isoniazid resistance i.e. the parental rifampicin mono-resistant isolate and a follow-up MDR isolate. Sequencing libraries for all isolates were constructed using the standard genomic DNA sample preparation kits from Illumina (Illumina, Inc, San Diego, CA), according to manufacturer's instructions. The whole genomes of the M. tuberculosis isolates were sequenced using either the Illumina MiSeq or Illumina HiSeq platforms.
